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During infection of both vertebrate and invertebrate cell lines, the alphanodavirus Nodamura virus (NoV)
expresses two nonstructural proteins of different lengths from the B2 open reading frame. The functions of
these proteins have yet to be determined, but B2 of the related Flock House virus suppresses RNA interference
both in Drosophila cells and in transgenic plants. To examine whether the NoV B2 proteins had similar
functions, we compared the replication of wild-type NoV RNA with that of mutants unable to make the B2
proteins. We observed a defect in the accumulation of mutant viral RNA that varied in extent from negligible
in some cell lines (e.g., baby hamster kidney cells) to severe in others (e.g., human HeLa and Drosophila DL-1
cells). These results are consistent with the notion that the NoV B2 proteins act to circumvent an innate
antiviral response such as RNA interference that differs in efficacy among different host cells.

Nodamura virus (NoV) is the type species of the genus Al-
phanodavirus of the Nodaviridae, a family of small riboviruses
with bipartite, positive-strand RNA genomes that also includes
Flock House virus (FHV). NoV is unique among alphanodavi-
ruses in its ability to lethally infect both insects and mammals,
including the mosquitoes Aedes aegypti, Aedes albopictus, and
Toxorhynchites amboinensis (4, 36, 41), suckling mice, and
suckling hamsters (17, 35, 36). NoV infects cultured mosquito
cells from Aedes pseudoscutellaris, A. aegypti, and A. albopictus
(1, 3, 41) and cultured baby hamster kidney BHK21 cells (3, 23,
30). When NoV genomic RNAs are introduced by transfec-
tion, they can replicate in a wide range of cultured cells (6).

The divided nodavirus genome naturally separates the rep-
licative and packaging functions onto two different positive-
sense RNA molecules, RNA1 and RNA2, respectively. These
two genomic RNAs are copackaged into the same virion, and
both are required for infectivity (24, 30, 38). RNA1 encodes
protein A, the RNA-dependent RNA polymerase (RdRp) that
catalyzes the replication of both genome segments. RNA2
encodes the viral capsid precursor protein, �. RNA2 and pro-
tein � are dispensable for RNA1 replication. Protein A also
catalyzes the synthesis of a single subgenomic RNA3 from an
RNA1 template. RNA3 is not packaged into virus particles.
For FHV, RNA3 encodes two small proteins, B1 and B2, in
overlapping reading frames. Protein B1 is in the same reading
frame as protein A and thus represents its C-terminal frag-
ment, whereas protein B2 is in the �1 reading frame relative to
protein A (11). For NoV, the first and second AUG codons of
RNA3 initiate the translation of two forms of B2 (B2-137 and
B2-134) that differ only at the N terminus, whereas B1 initiates
at the third AUG codon. As for FHV, the B2 proteins are in
the �1 reading frame relative to the A/B1 open reading frame
(ORF) (23). All three proteins are detected in cells transfected
with NoV RNA1 (NoV1), which replicates autonomously and
leads to the synthesis of RNA3 (23).

The functions of the nodavirus B1 and B2 proteins remain
unclear. Both B1 and B2 are dispensable for FHV RNA rep-
lication in some mammalian cells, and B2 is dispensable for
FHV RNA replication in yeast cells (5, 13, 33). However, a
mutant FHV RNA1 unable to synthesize B2 exhibits pheno-
typic defects in RNA replication in cultured Drosophila cells
(21, 27). Li et al. (27) showed that FHV B2 inhibits RNA
interference (RNAi) in Drosophila cells and in transgenic
plants, although its mechanism of action is as yet unknown.

The construction and characterization of full-length cDNA
clones for NoV1 and NoV2 was recently described (23). When
these clones were transcribed from T7 promoters in BSR T7/5
cells, which are BHK21 derivatives that constitutively express
T7 RNA polymerase (7), the entire viral infectious cycle was
reconstituted, including the replication of the genomic RNAs,
the synthesis of subgenomic RNA3 and viral proteins, and the
assembly of infectious NoV particles (23). In the present study,
we used this reverse genetic system to investigate the function
of the NoV B2 proteins in cultured mammalian and insect
cells. Since the phenotypic consequences of mutating B2 were
observed at the level of RNA replication, the RNA replication
cycle was initiated by RNA transfection rather than viral in-
fection except where otherwise noted. All of the RNA trans-
fection experiments described here were performed in the ab-
sence of RNA2, which is not required for RNA1 replication.

Mutation of NoV B2 results in a wild-type (WT)-like phe-
notype in BSR T7/5 cells. We examined the ability of four NoV
B2 mutants to direct RNA1 replication and subgenomic RNA3
synthesis in plasmid-transfected BSR T7/5 cells. The NoV1
mutants used for this analysis are detailed in Table 1. Mutant
1 (B2��) eliminated both B2 ORFs without affecting the over-
lapping A/B1 ORF (23). Mutant 2 (B2��) synthesized only
B2-137 (23), while mutant 6 (B2��) synthesized only B2-134
(data not shown). Mutant 7 (RNA3�) eliminated the synthesis
of RNA3, which encodes the B1 and B2 proteins. Similar
mutations have previously been demonstrated to reduce or
eliminate FHV RNA3 synthesis (13). The indicated changes in
mutant 7 introduce two conservative coding changes in the
overlapping protein A ORF (Table 1) without impairing its
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RdRp activity (Fig. 1A, lane 6). The NoV RNA1 mutations
were generated by PCR-based circular mutagenesis and DpnI
selection, as described previously (34). The regions of interest
were confirmed by sequencing, and small DNA fragments car-
rying the desired mutations were ligated into the parental
plasmid background by standard techniques (34).

We transfected confluent monolayers of hamster BSR T7/5
cells with WT or mutant versions of the pNoV1 cDNA plasmid
by using Lipofectamine 2000 (2, 23) and incubated the cells for
48 h at 28°C. Plasmid DNA (2.5 �g) was used to transfect 2 �
106 cells. Total cellular RNAs were isolated with guanidinium
isothiocyanate (10), quantitated by spectrophotometry, and an-
alyzed by Northern blot hybridization using 32P-labeled probes
specific for the positive strands of RNA1 and RNA3, as de-
scribed previously (23). Five hundred nanograms of each RNA
sample was analyzed, and results were visualized with a Mo-
lecular Dynamics PhosphorImager digital radioactivity imag-
ing system.

We observed the accumulation of WT RNA1 and sub-
genomic RNA3 (Fig. 1A, lane 2). No decrease in RNA1 accu-
mulation relative to WT levels was observed for the four mu-
tants (Fig. 1A, compare lanes 3 through 6 and lane 2).
Mutation of the RNA1 region corresponding to the 5� end of
RNA3 (mutant 7; Table 1) reduced the synthesis of RNA3,
which serves as a message for the translation of B2, to below
the level of detection by this method (Fig. 1A, lane 6). The two
mutations in the overlapping RdRp ORF (Table 1) did not
impair the ability of RNA1 to replicate in these cells (Fig. 1A,
compare lanes 6 and 2). In fact, we observed a slight increase
in RNA1 synthesis for mutant 7 (Fig. 1A and B, lanes 6, and
Fig. 2B), possibly because RNA3 was no longer present to
compete with RNA1 for the RdRp.

Transfection of BSR T7/5 and TRA-171 cells with WT and
mutant NoV1 RNAs. Previous reports have shown that FHV
mutants that are unable to synthesize B2 exhibit WT-like phe-
notypes in mammalian and yeast cells (5, 13, 33). However,
FHV B2� mutants showed defects in RNA replication in cul-
tured Drosophila cells (21, 27). Therefore, we examined the
phenotypes of the NoV mutants in insect as well as mammalian
cells. For these studies, we used a line of cultured cells from T.
amboinensis mosquitoes, TRA-171 (25), which can be produc-
tively infected with WT NoV (data not shown).

We isolated total cellular RNAs from WT or mutant NoV1
plasmid-transfected BSR T7/5 cells and quantitated them as
described above. This pool of RNA contained cellular RNAs

TABLE 1. NoV RNA1 mutants

NoV1 Phenotype Genotypeb
Protein sequence corresponding toc:

B2 ORFd A/B1 ORFe

WTa B2�� WT MTNMS MRLR
Mutant 1a B2�� U2745C, U2754C, C2757G T..T� ....
Mutant 2a B2�� U2754C M..T. ....
Mutant 6 B2�� U2745C T..M. ....
Mutant 7 RNA3� C2731A, G2732A, U2733A, G2734A No RNA3 R904K, V905I

a Construction of the WT NoV1 cDNA and mutants 1 and 2 has been previously described (23).
b Nucleotide numbers refer to positions in NoV RNA1.
c A period indicates identity to WT.
d Protein B2 is in the �1 reading frame with respect to the overlapping protein A ORF. The first five positions are indicated. The asterisk indicates a stop codon.
e Residue 1 of protein B1 corresponds to residue 908 of protein A; protein B1 is identical to the C terminus of protein A. The first four positions are indicated.

FIG. 1. NoV1 B2 mutants exhibit defects in RNA replication in
TRA-171 but not in BSR T7/5 cells. (A) BSR T7/5 cells, which con-
stitutively express T7 RNA polymerase (7), were mock transfected
(lane 1) or transfected with WT (lane 2) or mutant (lanes 3 through 6)
versions of NoV RNA1 cDNA clones. After 48 h, total cellular RNAs
were isolated, and 500 ng of each RNA was analyzed by Northern blot
hybridization using 32P-labeled probes specific for the positive strands
of RNA1 and RNA3, as described in the text. (B and C) Each RNA
preparation shown in panel A (500 ng) was used to transfect fresh
monolayers of BSR T7/5 cells (B) or TRA-171 cells (C). After 24 h at
28°C, total RNAs were isolated, quantitated, and subjected to North-
ern blot hybridization as described above. Panel C was exposed 16
times longer than panels A and B. Lanes: 1, mock transfection; 2, WT
NoV1; 3, mutant 1 (B2��); 4, mutant 2 (B2��); 5, mutant 6 (B2��);
6, mutant 7 (RNA3�).
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and viral RNA species, including RNA1 and RNA3 of both
polarities. These RNAs (roughly 0.4% of the harvest) were
transfected into fresh monolayers containing 5 � 105 BSR T7/5
or TRA-171 cells, where they initiated new replication cycles.
Following 24 h of incubation at 28°C, total cellular RNA was
isolated and analyzed by Northern blot hybridization with
RNA1 and RNA3 probes as described above (Fig. 1B and C).
The overall pattern of RNA accumulation in RNA-transfected
BSR T7/5 cells (Fig. 1B, lanes 1 through 6) was identical to that
seen in plasmid-transfected BSR T7/5 cells (Fig. 1A, lanes 1
through 6) and confirmed that the mutants exhibited WT-like
phenotypes upon passage in BSR T7/5 cells. However, in TRA-
171 cells, mutants 1 and 7 (B2�� and RNA3�, respectively)
exhibited defects in the accumulation of viral RNAs (Fig. 1C,
lanes 3 and 6). A similar phenotype was observed in TRA-171
cells when the replicative cycle was initiated by infection with
B2�� mutant viruses (data not shown), suggesting that the
phenotype was independent of the RNA passage protocol. The
B2�� and B2�� mutants (mutants 2 and 6, respectively; Table
1) synthesized near-WT levels of RNA1 and RNA3 (Fig. 1C,

lanes 4 and 5, respectively), suggesting that the two forms of B2
were functionally interchangeable in TRA-171 cells.

To determine the extent to which the input RNA replicated
in the target cells, we measured the input RNA signal by
Northern blot hybridization of total HeLa cell RNA isolated
3 h after transfection with the WT, B2��, or RNA3� RNA
(see below) and extrapolated the results to the other cell types.
We had observed that the kinetics of RNA replication in all of
the cell types tested were similar (data not shown) and were
consistent with previous direct measurements of the kinetics of
NoV RNA replication in transfected BHK21 cells (6). Based
on these observations, we expected to find no detectable RNA
replication products 3 h posttransfection and therefore as-
sumed that all of the RNA measured at 3 h was input RNA.
These results showed that the input RNA could have contrib-
uted no more than 20% of the TRA-171 cell signal and there-
fore does not influence our interpretation. In target BSR T7/5
cells, the input RNA contributed 0.1 to 0.3% of the signal for
WT and mutant RNAs (data not shown).

NoV B2�� phenotype in other mammalian and insect cells.

FIG. 2. The observed defect in RNA replication is not specific for insect cells. (A) Phosphorimage of representative Northern blot. Five
hundred nanograms of each of the RNA preparations (WT, B2��, or RNA3�) shown in Fig. 1A (Fig. 1A lanes 2, 3, and 6, respectively) was
transfected into fresh monolayers of the following cells: hamster BSR T7/5 (lanes 4 through 6), hamster BHK21 (lanes 7 through 9), monkey
Vero-76 (lanes 10 through 12), mosquito TRA-171 (lanes 13 through 15), Drosophila DL-1 (lanes 16 through 18), human HEp-2 (lanes 19 through
21), and human HeLa cells (lanes 22 through 24). Lanes 1 through 3 contain the indicated input BSR T7 RNAs shown in Fig. 1A. Total cellular
RNAs were isolated and analyzed by Northern blot hybridization as described in the legend to Fig. 1. Lanes 13 to 24 were exposed 16 times longer
than lanes 1 to 12, as indicated. Detection of RNA1 and RNA3 from DL-1 cells (lanes 16 through 18) also required the loading of 5 times more
RNA per lane (2.5 �g). WT, WT NoV1; B2��, mutant 1; R3�, mutant 7. (B) Histogram of mutant RNA1 (B2�� or R3�) accumulation in each
cell line, expressed as a percentage of WT RNA1 accumulation, which was set at 100% (indicated by a dotted line). (C) Histogram of WT RNA1
accumulation in the various cell lines. For each cell type, individual WT values were expressed as a percentage of the mean WT RNA1
accumulation detected in BSR T7/5 target cells, and the mean percentage was determined. In panels B and C, the relative RNA levels are shown
as mean values � standard deviations.

6700 NOTES J. VIROL.



Previous reports of FHV B2� mutants (21, 27) suggested to us
that the observed B2� phenotype, observed in Drosophila cells
but not in mammalian or yeast cells (5, 13, 33), might be due
to a difference between cells from insects and those from other
sources. We examined this possibility by comparing the repli-
cation abilities of NoV B2�� and RNA3� mutant RNAs in a
variety of other mammalian and insect cell types.

We transfected an aliquot (500 ng) of total RNA from DNA-
transfected BSR T7/5 cells (Fig. 2A, lanes 1 to 3) into several
target cell types, including a fresh monolayer of BSR T7/5 cells,
hamster BHK21 cells, African green monkey kidney Vero-76
cells (32), TRA-171 cells, Schneider’s Drosophila melanogaster
line 1 cells (DL-1; WR strain) (15, 37), human HEp-2 cells (8),
and human HeLa cells (8). HeLa and HEp-2 cells were trans-
fected with Lipofectin; all other cells were transfected with
Lipofectamine 2000. Mammalian and TRA-171 cells were
transfected at a density of 5 � 105 cells/2-cm2 well, and DL-1
cells were transfected at 1.5 � 106 cells/well. After 24 h of
incubation at 28°C, total cellular RNAs were isolated, quanti-
tated, and analyzed by Northern blot hybridization as de-
scribed above. A representative Northern blot is shown in Fig.
2A. The detection of signals from TRA-171, DL-1, HEp-2, and
HeLa cells required 16-times-longer exposures than the detec-
tion of signals from the rest; in DL-1 cells, the detection of
mutant RNA1 and RNA3 also required analysis of 5 times
more RNA.

The amount of RNA1 in each case was quantitated, using
ImageQuant software (Amersham Biosciences Products), from
phosphorimages of Northern blots in which samples from
three independent RNA transfection experiments were ana-
lyzed, and the resulting three values were averaged. Only sam-
ple results falling within the linear range of the assays were
included. The RNA samples were analyzed on a total of seven
different Northern blots; as a standard, an identical sample was
included on each gel, and the standard values were normalized
to one another to allow direct comparison of RNA samples run
on different gels. For each cell type, the level of WT RNA1
accumulation was set to 100% (Fig. 2B), and the relative
amounts of RNA1 detected for the B2�� and RNA3� mutants
were expressed as percentages of the WT levels on a logarith-
mic scale. RNA1 levels are shown in Fig. 2B as mean values �
standard deviations.

The ability of mutant 1 (B2��) and 7 (RNA3�) RNAs to
replicate did not correlate with the animal origin (mammal or
insect) of the target cell (Fig. 2A and B). For mutant 1, RNA1
accumulation was greatly reduced in Drosophila DL-1 cells
(Fig. 2A, lane 17). The reduction was even more dramatic for
human HEp-2 cells (Fig. 2A, lane 20) and human HeLa cells
(Fig. 2A, lane 23). The quantitative analysis confirmed that the
defect in RNA1 accumulation was most severe in Drosophila
DL-1 cells and in human HeLa and HEp-2 cells. In HEp-2
cells, mutant 1 accumulated only 10% of the WT level of
RNA1, whereas it directed the accumulation of less than 5% of
the WT level in HeLa cells (Fig. 2B). The B2�� mutant also
exhibited a similar decrease in RNA3 synthesis in these cells
(Fig. 2A and data not shown).

Mutant 7 exhibited a similar phenotype in DL-1, HEp-2, and
HeLa cells (Fig. 2A, lanes 18, 21, and 24, respectively). In these
cell types, the ability of this mutant to direct the accumulation
of RNA1 was severely impaired relative to that of the WT,

although it consistently accumulated more RNA1 than did
mutant 1 (Fig. 2B). This apparent ability of mutant 7 to syn-
thesize more RNA1 than mutant 1 may be a consequence of
the lack of competition by RNA3 for RdRp. As demonstrated
above for BSR T7/5 and TRA-171 cells (Fig. 1), mutant 7
failed to synthesize detectable levels of RNA3 in any of the cell
types tested (Fig. 2A). However, the reduced severity of the
defect in RNA1 accumulation of the RNA3� mutant raises the
possibility that this mutant might synthesize tiny amounts of
RNA3 that are sufficient to direct the synthesis of low levels of
B2.

To determine the extent to which the input RNA replicated
in these target cells, we analyzed the accumulation of BSR
T7/5-derived RNA1 as a function of time in DL-1 and HeLa
cells (data not shown). We found that WT RNA1 was ampli-
fied over a 24-h time course in both of these cell types with
similar kinetics and (by extrapolation, also assuming similar
kinetics of RNA replication) in HEp-2 cells, with only 3 to 6%
of the total signal contributed by the input RNA 24 h after
transfection. In each of these cell types, the kinetics of RNA
replication approximated those described previously for NoV
RNAs in transfected BHK21 (6) and BSR T7/5 (23) cells. In
contrast, we saw no increase in RNA1 signal for mutant 1 or 7
in these cells over the entire time course (data not shown).
These results suggested either (i) that these mutant RNAs
failed to replicate in DL-1, HEp-2, and HeLa cells in the
absence of B2 or (ii) that the replication and degradation of
RNA1 in these cells had reached a steady state in which no net
increase could be detected.

As in the earlier experiments (Fig. 1), no reduction in RNA1
accumulation was detected in target BSR T7/5 cells transfected
with either mutant RNA (Fig. 2A and B). In other cell types,
namely hamster BHK21 cells (Fig. 2A, lanes 8 and 9), monkey
Vero-76 cells (lanes 11 and 12), and TRA-171 cells (lanes 14
and 15), the phenotypes were less severe (Fig. 2B). In target
BSR T7/5, BHK21, and TRA-171 cells (Fig. 2A, lanes 6, 9, and
15, respectively, and 2B), more RNA1 was detected for mutant
7 than for even the WT, again perhaps due to a lack of com-
petition for RdRp. However, in TRA-171 cells, the ability of
mutant 7 to synthesize RNA1 varied from experiment to ex-
periment (compare Fig. 1C, lane 6, with 2A, lane 15). As
described above, the signals we detected in BSR T7/5, BHK21,
Vero-76, and TRA-171 cells represented an amplification of
the input RNA for the WT and both mutants (data not shown).
While we cannot rule out the possibility that different RNA
transfection efficiencies partially account for the differences in
the levels of RNA1 detected in each cell type, such differences
are unlikely to contribute much given the exponential nature of
RNA replication.

Because BSR T7/5 cells are derived from BHK21 cells, we
were surprised to see that the mutant phenotypes were differ-
ent in these two cell types. However, the stock of BHK21 cells
from which BSR T7/5 cells were derived is different from the
one we used. The difference between the two stocks is un-
known, although they have different passage histories, both
before and after transfection with the T7 RNA polymerase
expression plasmid.

The severity of the mutant phenotype correlated inversely
with RNA replication levels. The level of WT RNA1 accumu-
lation for each cell type was determined from Northern blots as
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for the experiment whose results are shown in Fig. 2B. In each
case, individual WT RNA1 accumulation values were ex-
pressed as percentages of the mean level of WT RNA1 accu-
mulation in BSR T7/5 target cells; the relative RNA1 levels are
shown as mean values � standard deviations (Fig. 2C).

We found that the cell types in which the NoV B2�� and
RNA3� mutants had the most severe phenotypes were also the
least able to support the replication of WT NoV RNA1. This
correlation was strongest for Vero-76 TRA-171, DL-1, and
HEp-2 cells (Fig. 2B and C). The correlation was slightly
weaker for HeLa cells, in which the RNA accumulation phe-
notype was the most severe (Fig. 2B). In these cells, WT RNA1
accumulated to a level approximately threefold higher than
that seen in HEp-2 cells, yet only half as much RNA1 accu-
mulated for the B2�� mutant in HeLa cells as in HEp-2 cells.

Possible functions of nodavirus B2 proteins. The results
described above showed that the cellular environment into
which replicable NoV RNAs were introduced profoundly af-
fected the extent of RNA replication and that the differences
were magnified in the absence of protein B2. Our experimental
procedure, i.e., the transfection of total intracellular RNAs
from cells supporting NoV RNA replication, would be ex-
pected to induce cellular defense mechanisms triggered by
double-stranded RNA (dsRNA), including the interferon re-
sponse and RNAi. The observation that small interfering
RNAs (siRNAs) can activate the interferon system in a human
glioblastoma cell line (39) suggests that, while RNAi and the
interferon system are distinct mechanisms, the two responses
may overlap in vertebrate cells under certain conditions. No-
davirus B2 proteins may affect both pathways.

However, similar phenotypes were observed whether the
replicative cycle was initiated in BSR T7/5, BHK21, or TRA-
171 cells by RNA transfection, as shown in Fig. 1 and 2, or by
infection with B2�� mutant viruses (data not shown), suggest-
ing that the mutant phenotype was independent of the pres-
ence of dsRNA at the time of transfection. Since viral infection
would be expected to result in delayed kinetics of interferon
induction relative to the RNA transfection protocol, it is un-
likely that the mutant phenotype is directly due to an inter-
feron response. This suggestion is strengthened by the obser-
vation that the mutants exhibit phenotypic defects, albeit of
intermediate magnitude, in Vero-76 cells, which are partially
deficient in the interferon pathway (12, 16).

We hypothesize that the cell-specific differences we ob-
served were the result of differential activation of one or both
of these cellular defense mechanisms and their suppression by
the NoV B2 protein(s). Human HeLa cells, one of the cell lines
in which we found NoV RNA replication to be the most in-
hibited, have been shown to support RNAi responses (14, 18,
26, 40) and are approximately twofold more responsive to
siRNAs than mouse SW3T3 cells are (20), which is consistent
with the idea of differential activation of RNAi.

We therefore tested whether a subset of the cell types we
used (BSR T7/5, BHK21, and HeLa cells) differed in their
abilities to support an RNAi response. Two fluorescent marker
proteins (enhanced green fluorescent protein [EGFP] and
HcRed1) were expressed in these target cells from constitutive
RNA polymerase II promoters, and the effect of EGFP-spe-
cific siRNAs on EGFP expression was tested, as described
previously (9), except that we used flow cytometry to measure

the expression of EGFP and HcRed1 within each cell popula-
tion.

BSR T7/5, BHK21, and HeLa cells were cotransfected with
plasmids pEGFP-N1 and pHcRed1-C1 (BD Biosciences Clon-
tech), either with or without the addition of EGFP-specific
siRNAs (Dharmacon RNA Technologies, Lafayette, Colo.), as
described previously (9). The total amount of nucleic acid
transfected was adjusted with yeast tRNA to 6 �g per 10-cm2

well; BSR T7/5 and BHK21 cells were transfected with Lipo-
fectamine 2000, and HeLa cells were transfected with Lipo-
fectamine. Forty-eight hours after transfection, the cells were
fixed in 4% paraformaldehyde, as described previously (31),
and subjected to flow cytometry. Data were collected on a
Becton-Dickinson FACStarPLUS sorter-cytometer by using
BD CELLQUEST software. HcRed1 was excited at 570 nm
with a Coherent I90-krypton laser and read at 610 nm by using
a 610/20-nm bandpass filter. EGFP was excited at 488 nm with
a Coherent I70-argon ion laser and read at 510 nm by using a
510/20-nm bandpass filter.

In BHK21 cells, the cotransfection of the EGFP and
HcRed1 plasmids resulted in the expression of both fluores-
cent proteins in 14% of the cells (Fig. 3A, upper right quad-
rant, and data not shown). The cotransfection of EGFP-spe-
cific siRNAs with both EGFP and HcRed1 plasmids resulted
in the reduction of EGFP expression in the same population of
cells (Fig. 3B, upper right quadrant), evident as a shift of the
expression profile to the left (compare Fig. 3A and B). These
graphs are representative of those obtained on transfection of
BSR T7/5 and HeLa cells, where similar expression profiles
were seen (data not shown). Cell populations corresponding to

FIG. 3. Induction of RNAi by siRNAs in BHK21 cells. BHK21 cells
were cotransfected with plasmids pEGFP-N1 and pHcRed1-C1, either
without (A) or with (B) the addition of EGFP-specific siRNAs, as
described previously (9). Forty-eight hours after transfection, the cells
were fixed in 4% paraformaldehyde and subjected to flow cytometry as
described in the text. EGFP and HcRed1 fluorescence were plotted on
the x and y axes, respectively, with the cell population that was positive
for the expression of both proteins appearing in the upper right quad-
rant. Representative data are shown; the same pattern was obtained
for BSR T7/5 and HeLa cells (data not shown).
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40% of BSR T7/5 cells and 15% of HeLa cells expressed both
fluorescent proteins (data not shown). The relative mean flu-
orescence intensity of EGFP expression observed in each cell
type is summarized in Table 2. In each case, the addition of
EGFP-specific siRNAs resulted in a reduction of EGFP in the
population of cells expressing both proteins. By this assay,
BHK21 cells were 2.5-fold more responsive to siRNAs than
BSR T7/5 cells, and HeLa cells (Table 2) and HEp-2 cells (data
not shown) were 4.5-fold more responsive than BSR T7/5 cells.
This pattern exactly parallels the cell specificity of the mutant
phenotype, which was most severe in HeLa and HEp-2 cells,
intermediate in BHK21 cells, and WT-like in BSR T7/5 cells
(Fig. 2). Whether the magnitudes of these differences are suf-
ficient to account for the phenotypic differences remains to be
determined. However, the severity of the NoV mutant pheno-
type in a given cell type correlated with the ability of that cell
type to respond to the induction of an RNAi response by
siRNA.

The proposal of differential activation and suppression of
cellular responses to dsRNA could also account for the obser-
vation that B2� mutants of FHV failed to maintain their orig-
inal WT levels of RNA replication when they were transfected
serially into BHK21 cells (5). It could also explain why FHV
RNA1 ceased to replicate at late times after transfection into
BHK21 or CHO cells, despite the continued presence of rep-
lication-competent RNA (22). A more severe replication de-
fect was observed in Drosophila cells, where eliminating the
FHV B2 protein greatly decreased RNA replication and pre-
vented the recovery of viable virus (21, 27). In these cells,
infection with the WT FHV resulted in the accumulation of
FHV-specific siRNAs, suggesting that an RNAi response
against FHV had been established (27). The depletion of Ar-
gonaute2, an essential component of the Drosophila RNAi ma-
chinery (19), led to a two- to threefold increase in the accu-
mulation of FHV RNA replication products, suggesting that
the observed decrease was indeed due to RNAi. Li et al.
further showed that FHV B2 suppressed RNAi in both Dro-
sophila cells and transgenic plants (27).

It is possible that the NoV B2 proteins also suppress RNAi,
leading to the cell-specific phenotypes we describe here. While
FHV and NoV B2 proteins share only 29% sequence identity,
they have other properties in common, including similar sizes

(FHV, 106 amino acids; NoV, 134 and 137 amino acids), sim-
ilar enrichment levels in charged (FHV, 28%; NoV, 25%) and
hydrophilic (FHV, 26%; NoV, 26%) amino acids, and similar
isoelectric points (FHV, 7.46; NoV, 8.66). Moreover, the re-
cent observation that two heterologous dsRNA-binding pro-
teins, Escherichia coli RNase III and reovirus �3, could sup-
press RNA silencing in plants, presumably by sequestering
dsRNA (29), raises the intriguing possibility that suppression
may be a consequence of dsRNA binding. It remains to be
determined whether the FHV or NoV B2 proteins can bind
dsRNA. However, recent work from Li et al. has shown that
the NoV B2 protein suppresses RNAi in cultured cells from D.
melanogaster and Anopheles gambiae mosquitoes (28), lending
further support to the suggestion that the cell-specific pheno-
type described above may be due to differential activation and
suppression of RNAi. If so, the NoV B2 protein would be the
first example of a suppressor of RNAi shown to function in
human cells.
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